Abstract-A 36-dBm high-linearity single-ended commonsource class-B monolithic-microwave integrated-circuit power amplifier is reported in GaN high electron-mobility transistor technology. We also describe the design and simulation of highly linear and highly efficient common-source and common-drain class-B power amplifiers. Single-ended class-B amplifiers with bandpass filtering have equivalent efficiency and linearity to push-pull configurations. The common-source class-B circuit demonstrates high linearity, greater than 35 dBc of third-order intermodulation (IM3) suppression and high power-added efficiency (PAE) of 34%. Simulations of common-drain class-B designs predict a PAE of 54% with a superior IM3 suppression of more than 45 dBc over a wider range of bias due to the strong series-series negative feedback offered by the load resistance.
I. INTRODUCTION

M
ODERN communications networks require efficient power amplifiers with low distortion. Class-A amplifiers exhibit low distortion, but exhibit power-added efficiency (PAE) well below 50% [1] . Improved efficiency is obtained with switched-mode amplifiers [2] , [3] . These, unfortunately, exhibit high intermodulation distortion (IMD) in multitone applications. Push-pull class-B amplifiers offer the potential for improved efficiency, at a theoretical limit of 78.6%, combined with distortion as low as class A.
For operation in sub-octave bandwidths, a classical push-pull class-B power amplifier can be replaced by a single-ended class-B power amplifier together with a low-pass or bandpass filter. The single-ended class-B power amplifier can achieve high PAE and high third-order intermodulation (IM3) suppression simultaneously if the drain current ( ) versus gate-to-source voltage ( ) characteristic is linear above threshold. It is also shown that common-drain class B has low distortion and the distortion is much less sensitive to biasing conditions than similar common-source configurations. The gallium-nitride material system is a leading contender for microwave wireless applications due to its superior electrical properties. The high electron velocity ( 10 cm/s), wide bandgap (3.4 eV), and high breakdown voltage ( 50 V for a current gain cutoff frequency of 50 GHz) of the AlGaN/GaN system result in record power densities. The high thermal conductivity (3.5 W/cm K) of SiC substrates significantly reduces thermal limitations, leading to power density as high as 11.2 W/mm [4] .
Previous work in GaN-based circuits [5] - [7] has demonstrated broad-band amplification in class-A topology with good linearity. Efficient and linear amplification is necessary to make this material system useful in the competitive field of RF power amplifiers. This paper investigates class-B amplifier design and fabrication with the objective of gaining high efficiency coupled with low distortion. Several key points should be now noted regarding efficiency and linearity as a function of amplifier bias point (class A versus classes B and C).
First, unlike class-A amplifiers, class-B and class-C amplifiers do not dissipate power when input signals are not present. This is a key advantage in transmitters where signals of strong amplitude or pulse modulation are present. Second, at moderate power levels, approaching, but below the amplifier 1-dB compression point ( ), a class-B amplifier shows higher PAE than class A. Finally, when class-A amplifiers are operated at output power levels well beyond the 1-dB gain compression point, the device is driven strongly into both cutoff and saturation on the peaks of the signal swing, and PAE can substantially exceed the theoretical 50% PAE limit of linear unsaturated class-A amplification. These points are relevant to amplifier linearity. In class-B operation, at power levels well below , it is expected that the distortion is increased relative to that of class A as a result of device switching. This is the penalty incurred for increased PAE. At power levels approaching or beyond , in both classes A and B, the devices are driven into saturation, and substantial distortion is generated. Such high-distortion operation is not acceptable in many RF and microwave systems, and the amplifier has to be operated at power levels below .
II. PUSH-PULL CONFIGURATION
Push-pull common-drain class B is popular in the audio power amplifier design [8] . In fact, the usage of push-pull dates back to the age of vacuum tubes [9] . Complementary devices or transformers are necessary for push-pull operation [10] . Efficient broad-band class-B amplification is unfortunately not 0018-9480/03$17.00 © 2003 IEEE feasible at microwave frequencies due to the lack of available baluns with the required zero ohm even-mode impedance [11] .
Push-pull cancels even-order distortion by means of symmetry [11] . The push-pull configuration takes an exact replica of the single device transfer function and creates an image about the current ( ) axis and subtracts it from the original transfer function. If the transfer function of a single device is (1) then with push-pull, the total transfer function becomes (2) We must emphasize that push-pull operation, through its symmetry, suppresses only even-order (second harmonic) distortion [see Fig. 1(a) ]. Odd-order components in the circuit transfer function and the resulting two-tone third-order IMD are not suppressed.
Efficient class B requires significant drain currents at even harmonic frequencies in order to realize the ideal half-sinusoidal drain current waveform. For example, at the class-B conduction angle of 180 , the second harmonic current is times the fundamental current to achieve this condition. A balun that presents high impedance at even harmonics, as is the case for Marchand, Lange, and Wilkinson baluns, do not provide an even-mode short circuit. This is in marked contrast to the situation at radio frequencies, where ferrite-loaded baluns provide the required even-mode impedance. The permeability of most ferrites is, however, low at microwave frequencies. Therefore, efficiency will be degraded. In addition, microwave baluns are physically large (of the order of ), which results in both large excess consumed integrated circuit (IC) die area and in large-excess line losses with resulting further degradation in efficiency.
III. SINGLE-ENDED CLASS-B POWER AMPLIFIER
Let us consider the effect of bandpass filtering on the transfer function of a single device. Any function can be written as a sum of an even and odd function, as shown in Fig. 1(b) , and as follows:
The even part consists of the dc term and the even powers of , and the odd part consists of the odd powers of as follows:
The even part of the transfer function creates harmonic frequency content and even-order IMDs, which are removed by the bandpass filter. The odd part creates in-band IMDs, which cannot be filtered. However, the filter removes the harmonic distortion caused by the odd components of the transfer function.
Third-order in-band IMD characteristics of class-B push-pull circuits, therefore, do not differ from that of a single-ended class-B amplifier. Consequently, for power-amplifier applications requiring less than 2 : 1 frequency coverage, push-pull operation is entirely unnecessary. Instead, all harmonic Fourier components of the transistor drain current waveform can be supplied (provided with the required low impedance) through use of an output bandpass filter, centered at the signal fundamental, and a single transistor stage can be employed. Drain voltage harmonic distortion is likewise suppressed by the low impedance at harmonic frequencies presented by the output filter. IM3 characteristics are identical for both push-pull and single-ended configurations. Therefore, given an operating bandwidth requirement of less than an octave, a single-ended class-B amplifier can provide both high linearity and drain efficiency approaching 78.6%.
IV. COMMON-SOURCE CLASS-B AMPLIFIER
Two-tone third-order distortion characteristics depend critically upon the class-B bias point, whether for single-ended or for the equivalent push-pull configuration. Bias design is, however, most easily discussed in the framework of the push-pull stage. With drain current , the push-pull output current is (6) The circuit diagram and transfer function of the push-pull common-source class-B amplifier are shown in Fig. 2 . An ideal push-pull power amplifier is assumed and the transfer function is observed as a function of the bias voltage starting from class-C bias to class-A bias. The class-C bias has a range of input voltage for which neither of the devices is on. This nonlinearity causes crossover distortion. At class-B bias, there is no crossover distortion, and if the transfer function of the device is linear above threshold, the net transfer function also becomes linear. At class-AB bias, the two devices will be simultaneously on for part of the signal cycle. In this case, if the transfer function is linear above threshold, circuit gain is doubled for that portion of the transfer function in which both devices are on. Distortion is, therefore, generated. Finally, for class-A bias, both devices will be on simultaneously over the entire signal cycle. Hence, the transconductance will be twice of a single device, and the transfer function will be linear, provided that the device has constant above threshold. Class B can, therefore, provide both high efficiency and moderately low distortion. The distortion of class B is very sensitive to the specific slope ofcharacteristic, particularly near threshold. The arguments above are graphically described in Fig. 3(a) .
In the above discussion, distortion due to voltage variable input capacitance was neglected. For signal frequencies larger than approximately current gain cutoff frequency , the distortion due to input capacitance variation can be comparable to that arising from the variation above threshold. The nonlinearity in the gate charge and, therefore, input capacitance, introduces distortion in the gate voltage waveform. The third-order charge term contributes to the in-band IMD. The charge stored in can be expressed as
The gate current is then By definition (9) Hence, the gate current is
The second-order coefficient in contributes to in-band third-order IMD through , while the fourth-order coefficient contributes to in-band IM3 through . In general, all even-order terms in (9) contribute to in-band IMD, and should be compensated or cancelled for best linearity. Zero IM3 requires that the even components be zero as follows:
Experimental data of GaN high electron-mobility transistors (HEMTs) exhibit a , which is very nearly antisymmetric about . In this case, biasing the devices at class B results in minimum , and minimum resulting IM3. This is shown graphically in Fig. 3(b) for different bias conditions. If biased at class B, the even-order components of are small due to the antisymmetric characteristics of the about the pinchoff voltage. When biased slightly above threshold (class AB), the characteristic has significant evenorder components that contribute to the distortion in the gate voltage waveform with resulting degradation in the distortion. In class-A operation, however, the input capacitance is almost constant over the signal swing and the distortion is low. Once again, to the extent to which is antisymmetric about the device threshold, distortion is suppressed by biasing the device at threshold, e.g., class-B bias. 
V. COMMON-DRAIN CLASS-B AMPLIFIER
Bipolar implementation of the push-pull common collector class-AB amplifier is the most widely used topology in the audio regime. The HEMT equivalent, the common-drain amplifier, has the potential to become a linear amplifier with good efficiency, when biased at or above class B. For common-source class B, the transfer function is (12) Voltage variation in the transconductance directly produces nonlinearity of the net transfer function. However, for the common-drain configuration, the transfer function is (13)
As
is made large in comparison with the conductance of the load , the effect of transconductance variation on circuit gain is reduced. The strong series-series negative feedback presented by the load linearizes Fig. 11 . Simulation of common-source class-B power amplifier at 10 GHz. PAE is for single-tone operation, while the output power curves are for two-tone operation. the amplifier. The linearity is most directly analyzed in the framework of the push-pull configuration. Single-ended operation with an octave bandpass filter is, once again, equivalent to push-pull. The circuit diagram and transfer function at various bias conditions are shown in Fig. 4(a) and (b) , respectively. The transfer function is nonlinear at class-C bias ( under bias), as neither of the devices is on for part of any given cycle. As class-B bias conditions ( under bias) are approached, the distortion improves rapidly.
The circuit exhibits low distortion even at class-AB bias and improves further as the bias is increased into class-A operation ( under bias). Even if the -versustransfer function is nonlinear above threshold, this configuration effectively reduces distortion when biased at class AB.
The above static transfer function analysis does not include the effect of nonlinear parasitic input capacitance, an effect that increases distortion significantly for frequencies greater than .
VI. DEVICE PERFORMANCE AND PROCESS TECHNOLOGY
A. Process 80-nm silicon nitride (Si N ) is deposited using plasma-enhanced chemical vapor deposition (PECVD) to passivate the high field regions of the devices. This passivation layer plays a crucial role in reducing the long-time constant charge storage in surface states and enhancing the high-frequency large-signal power gain. A second 400-nm PECVD Si N layer is used for the dielectric in the metal-insulator-metal (MIM) capacitors (0.13 fF/ m ). The plated airbridges interconnect the HEMT source contacts and bridge ground planes in the coplanar waveguide transmission lines.
B. Performance
Devices with 150-m gate peripheries exhibit 50 GHz of (Fig. 6) . The pulsed -versuscharacteristics of a 600-m single-gate device at 80-s pulse duration are shown superimposed on the dc characteristics of the device in Fig. 7 . is pulsed from the pinchoff voltage to the required bias, while is held constant. This process is repeated for starting from 16 to 0 V. The traces are so close to each other as to be hard to distinguish. This indicates minimal dc-RF dispersion, and is indicative of successful passivation. The image of a typical single-gate GaN HEMT is shown in Fig. 8 . rameters. From the measurements, the bias dependence of the intrinsic parameters , are determined. Designs have been developed for the University of California at Santa Barbara's (UCSB's) GaN HEMT MMIC process. Designs were developed using the model of a 0.25-m gate-length ( ) device, resulting in 50-GHz [12] and 100-GHz power-gain cutoff frequency, . The devices have 50-V breakdown and the saturation current ( ) is 650 mA/mm. These device parameters are representative of better GaN HEMTs fabricated at UCSB. The -characteristics are fitted by a third-order polynomial [see Fig. 9(a) ], and the bias dependence of the intrinsic input capacitance ( ) is fitted by a hyperbolic tangent function [see Fig. 9(b) ]. Transconductance and input capacitance are the key parameters in the linearity analysis. Note that the measured device shows deviating significantly from the modeled curve that is perfectly antisymmetric about .
VIII. SIMULATIONS OF COMMON-SOURCE CLASS B
The input is matched at 10 GHz, and the output is tuned to present low impedance for the harmonic frequencies. The drain-source capacitance is absorbed into the output section for higher bandwidth and optimum load-line matching. The circuit diagram and the PAE simulations are shown in Figs. 10 and 11. The circuit uses a GaN HEMT with 1.2-mm channel width, and it produces 48% of saturated PAE with 36 dBm of output power at 10 GHz. Two-tone simulation ( -) predicts 40 dBc of IM3 suppression when the total output power is 3 dB below the 1-dB compression point. The bias has been varied from class-C to class-A bias, and the IMD performance along with PAE are plotted in Fig. 12 . From these simulations, it can be inferred that class-B bias achieves optimum results with regard to both efficiency and linearity. The distortion degrades very rapidly on either side of the class-B bias, confirming the theoretical predictions. At lower frequencies, the linearity is improved and follows the same trend (Fig. 13) .
IX. SIMULATIONS OF COMMON-DRAIN CLASS B
The circuit diagram of a common-drain class-B amplifier is shown in Fig. 14. A lossy input-matching network is required to ensure stability. A bandpass LC tank circuit at the output short circuits the signal harmonics. The PAE simulations are shown in Fig. 15 . In simulations, the circuit produces 36-dBm saturated output power with a maximum PAE of 54% at 5 GHz. This circuit has an IM3 suppression of 45 dBc at output power levels 3 dB below the 1-dB compression point when biased at class B. The bias has been varied from class C to class A, and the IMD performance is plotted in Fig. 16 . It is clear that, at 5 GHz, the circuit has low distortion when biased at or above class B. The class-B bias shows 45 dBc of IM3 suppression at 1-GHz operation. At 5 GHz, IM3 suppression is greater than 35 dBc over all biases ranging from class B to class A. This confirms the earlier analysis.
There is superior performance at lower frequencies. However, as the frequency increases, the distortion increases due to the effect of voltage variation of the input capacitance. As is expected from the input capacitance nonlinearity analysis (Section IV), in the high-frequency limit, where nonlinearity dominates, IM3 suppression is best at class-B and class-A bias conditions. Low distortion at higher frequencies can be achieved using HEMTs with smaller gate lengths resulting in increased . With common-drain class-AB amplifier, low distortion could be obtained for signal frequencies . 
X. FABRICATION AND TESTING OF COMMON-SOURCE CLASS B
The MMIC class-B power amplifier is fabricated on an SiC substrate in the GaN HEMT technology (Fig. 17) . The 1.2-mm dual-gate GaN HEMT has 1-A/mm and 55-V breakdown voltage. The measured for the 0.25-m device is 45 GHz. Fabricated devices have V. All input and output tuning networks are on-chip. Bias feeds for gate 1, gate 2, and drain were provided through off-wafer bias tees for convenience. The circuit is tested with four different bias conditions, i.e., 3.1 V for class A, 4 V for class AB, 5.1 V for class B, and 5.5 V for class C, respectively. Singleand two-tone measurements were performed. The third-order output powers and are measured with two input signals at GHz and GHz. The circuit under class-B bias condition exhibits 13-dB gain at 8 GHz with a 7-10-GHz bandwidth, as shown in Fig. 18 . Gain under class-AB or class-A bias conditions was roughly 6 dB greater than in class B, as is expected. 36 dBm of saturated output power and 34% of maximum PAE are obtained at the class-B bias condition for single tone [see Fig. 19(a) ], and high IM3 suppression is obtained over a wide output power range for two-tone input signals [see Fig. 19(b) ]. Note that the IM3 amplitude does not vary in proportion to the cube of the input power because the circuit transfer characteristics are not well modeled by a cubic polynomial. Device models (Section VII) provide only an approximate fit to the device characteristics and, hence, the discrepancy between simulations (Fig. 11 ) and measurement [see Fig. 19(b) ]. Under class-A bias, shown in Fig. 20(a) and (b) , the IM3 output power increases rapidly with the input power, making IM3 suppression very poor at high output power levels.
Comparison of the PAE and IM3 suppression versus output power for classes A and B are shown in Fig. 21(a) and (b) , respectively. At low output power levels, class A has very low distortion (IM3 50 dBc), while IM3 suppression of class B also maintains a 35-dBc level. At high power levels, however, class B and class A have similar IM3 suppression, but class B provides 10% improved PAE, as can be seen in Fig. 21(b) . The IM3 performance versus output power for classes A, AB, B, and C are compared in Fig. 22 . Class AB and class C have higher IMD when compared to classes A and B.
XI. CONCLUSIONS
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